We evaluated the impact of premature cell death of antigen-presenting cells (APCs) by Caspase-1-and RipK3-signaling pathways on CD8 + T-cell priming during infection of mice with Salmonella typhimurium (ST). Our results indicate that Caspase1 and RipK3 synergize to rapidly eliminate infected APCs, which does not influence the initial activation of CD8 + T cells. However, the maintenance of primed CD8 + T cells was greatly compromised when both these pathways were disabled. Caspase-1-and RipK3-signaling did not influence NF-κB signaling in APCs, but synergized to promote processing of IL-1 and IL-18. Combined deficiency of Caspase1 and RipK3 resulted in compromised innate immunity and accelerated host fatality due to poor processing of IL-18. In contrast, synergism in cell death by Caspase-1-and RipK3 resulted in restriction of PD-1 and TIM3 expression on primed CD8 + T cells, which promoted the survival of activated CD8 + T cells.
We evaluated the impact of premature cell death of antigen-presenting cells (APCs) by Caspase-1-and RipK3-signaling pathways on CD8 + T-cell priming during infection of mice with Salmonella typhimurium (ST). Our results indicate that Caspase1 and RipK3 synergize to rapidly eliminate infected APCs, which does not influence the initial activation of CD8 + T cells. However, the maintenance of primed CD8 + T cells was greatly compromised when both these pathways were disabled. Caspase-1-and RipK3-signaling did not influence NF-κB signaling in APCs, but synergized to promote processing of IL-1 and IL-18. Combined deficiency of Caspase1 and RipK3 resulted in compromised innate immunity and accelerated host fatality due to poor processing of IL-18. In contrast, synergism in cell death by Caspase-1-and RipK3 resulted in restriction of PD-1 and TIM3 expression on primed CD8
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Dendritic cells (DCs) and macrophages utilize pathogen recognition receptors (PRRs) to detect pathogen-associated molecular patterns (PAMPS). This culminates in the expression of inflammatory cytokines, which promotes rapid pathogen-control. 1 DCs induce antigen-presentation, which results in early priming of T cells that peaks by day 7 postinfection. 2, 3 Co-stimulatory (CD28) and inhibitory (PD-1) receptor engagement on primed T cells during their differentiation has been shown to have opposite impact on the fate and function of primed CD8 + T cells. 4, 5 Salmonella serovars cause enterocolitis, sepsis, typhoid, inflammatory bowel disease and cancer. [6] [7] [8] Infection of mice with Salmonella enterica serovar Typhimurium (ST) results in early host fatality, which is partly attributed to a mutation in the natural resistance-associated macrophage protein-1 (Nramp1) gene, which encodes a key ion transporter in the phagosome. 9 While the engagement of PAMPs by PPRs results in the activation of innate immune response, the release of danger-associated molecular patterns (DAMPs) from cells undergoing inflammatory cell death results in potent activation of innate immune response. [10] [11] [12] [13] Inflammatory cell death is often pervasive during virulent infections. 11, 14, 15 Pyroptosis is the result of inflammasome signaling that results in auto-activation of Caspase-1, which then processes pro-IL-1β and pro-IL-18 into their active forms. 11 Necroptosis is induced by phosphorylation of the receptor interacting protein kinase 1 (RipK1) following TLR-or cytokine receptor signaling, [16] [17] [18] leading to interaction of RipK1 with Caspase-8 and RipK3. Both pyroptosis and necroptosis results in membrane rupture, release of intracellular DAMPs and the induction of inflammation. 10, 13 In this report, we evaluated whether the cell death of antigen-presenting cells (APCs) by Caspase-1 and RipK3 signaling has any impact on CD8 + T-cell priming during infection with ST. Our results indicate that Caspase-1-and RipK3-signaling synergize to promote the processing of IL-1/18, which resulted in efficient innate immune response and pathogen control. Furthermore, synergism in the inflammatory cell death of APCs mediated by Caspase-1-and RipK3-signaling was necessary to restrict the inhibitory receptor (PD-1, TIM3) expression in primed CD8 + T cells to ensure efficient differentiation and survival of primed CD8 + T cells.
Results
Combined deficiency of caspase-1,11 and RipK3 signaling compromises cell death of infected APCs, which limits CD8 + T-cell priming. We generated mice that are double-deficient in Caspase-1,11 and RipK3 in order to block the cell death mediated by these pathways and evaluate the impact on antigen-presentation and CD8 + T-cell priming. Flow cytometric analysis revealed that WT, Caspase-1, 11-, RipK3-and Caspase-1,11-RipK3-double-deficient mice have similar numbers of various immune cell populations at steady state (Supplementary Figure S1) . We infected DCs or macrophages with ST-OVA in vitro and measured cell death at 24 h post-infection (Figures 1a and b) . A graded impact was observed in cell death of DCs and macrophages following infection with ST with the wild-type cells undergoing maximal cell death in comparison to the double-deficient APCs that display no cell death. Infected DCs from Caspase-1,11-RipK3-double-deficient mice upon co-culture with CFSE-labeled OT-1 TCR transgenic CD8 + T cells in vitro induced slightly better proliferation of OT-1 cells when measured at 48 h (Figures 1c-e) . However, OT-1 cells that had been stimulated by Caspase-1,11-RipK3-double-deficient DCs underwent a massive attrition subsequently, whereas OT-1 cells stimulated by WT, Caspase-1,11-or RipK3-deficient DCs continued to increase in number (Figure 1f) .
We next infected mice with ST-OVA (10 3 , iv) to evaluate the impact of Caspase-1,11 and RipK3 signalling on the death of DCs and priming of CD8 + T cells in vivo. The number of DCs in infected Caspase-1,11-RipK3-double-deficient mice was slightly greater than all the other three groups of mice at 24 h post-infection (Supplementary Figure S2a, b) . To avoid the complexity of changes in DCs numbers due to migration of naive DCs from bone marrow to spleens of infected cells, we transferred naive DCs from WT, RipK3-, Caspase-1,11-and Caspase-1,11-RipK3-double-deficient mice (all CD45. (Figures 2b and  c) . These results suggest that both Caspase-1,11-and RipK3-signalling induce cell death of infected DCs and both the pathways need to be disabled in order to prevent cell death completely. To measure antigen-presentation in vivo, a different experimental model was used wherein CFSElabeled OT-1 cells (CD45.1 + CD45.2 + ) were adoptively transferred into WT, RipK3-, Caspase-1,11-and Caspase-1,11-RipK3-double-deficient mice (iv) one day before infection with ST-OVA ( Figure 2d ). All recipient mice were CD45.2 + . Proliferation and expansion in the numbers of transferred OT-1 cells was evaluated at 72 h post-infection. Although there was a trend towards increased proliferation of OT-1 cells in infected Caspase-,11-RipK3-double deficient mice, this did not achieve significance (Figures 2e and f) . Interestingly, the numbers of primed OT-1 cells were drastically reduced in infected Caspase-1,11-RipK3-double deficient mice (Figure 2g ), suggesting the double-deficiency of Caspase-1,11 and RipK3 may compromise the survival of primed CD8 + T cells. The bacterial burden was slightly higher in the spleens of infected Caspase-1,11-RipK3-double-deficient mice (Figure 2h ). Taken together, these results indicate that Caspase-1,11 and RipK3 signalling synergize to induce cell death of APCs, which causes an impairment in the proliferation/survival of primed CD8 + T cells. Caspase-1,11-or RipK3-signaling (Figure 3a) . There was no impact on the expression of RipK1 or NLRP3/NLRC4 or pro-IL-1β⧸IL-18 ( Figure 3b ). We also measured cytokine expression by DCs following infection with ST-OVA. Cells were infected with a reduced dose of ST-OVA to avoid cell-death. This was done to ensure that cytokine expression was not compromised by premature death of infected cells. IL-1α, which is mainly released by dying cells 19 was significantly reduced in Caspase-1,11-and RipK3-deficient cells. Caspase-1,11-RipK3-double-deficient DCs had the greatest reduction in IL-1α secretion (Figure 3c ). Similar results were noted when the expression of IL-1β was measured. In contrast, the expression of other inflammatory and antiinflammatory cytokines was not impacted by Caspase-1,11 or RipK3 deficiencies (Figure 3c ). We also measured the impact of Caspase-1/11 and RipK3 signaling in macrophages, which are not as efficient as DCs in mediating antigen-presentation. The impact of Caspase-1/11 and RipK3 in macrophages was similar to that in DCs (Supplementary Figure S3a-d) . Caspase-1,11 or RipK3 did not have any impact on NF-kB or p38 MAPK signaling in macrophages.
Caspase-8 plays a promiscuous role in comparison to Caspase-1 in promoting the processing of IL-1. In addition to Caspase-1, Caspase-8 has been shown to cleave pro-IL-1β upon TLR stimulation. 20 We thus utilized Caspase-8 inhibitor (zIETD) and Caspase-1 inhibitor (YVAD) to evaluate the relative contribution of these two Caspases in promoting the processing of IL-1. Inhibition of Caspase-1 (with YVAD) resulted in potent reduction of both IL-1α and IL-1β levels in WT and RipK3-deficient DCs, but not in Caspase-1,11-or Caspase-1,11-RipK3-deficient DCs as expected (Figures 4a-c) . Interestingly, inhibition of Caspase-8 (with zIETD) resulted in the reduction of IL-1β levels in DCs from all the four groups of mice, with the most impact observed in Caspase-1,11-RipK3-double-deficient DCs (Figure 4d ). The magnitude of impact was greater with Caspase-1 in comparison to Caspase-8, on IL-1β processing, as revealed by the inhibition of these two Caspases with their respective inhibitors ( Figure 4d ). However, Caspase-1 impacted IL-1β secretion only in WT and RipK3-deficient DCs, whereas Caspase-8 impacted IL-1β processing in DCs from all the four groups of mice ( Figure 4d ). The greatest impact of Caspase-8 activity was noticeable in the Caspase-1,11-RipK3-double-deficient DCs.
The activation of NF-κB and Caspase-1 has been shown to be influenced by cellular inhibitors of apoptosis proteins (cIAPs). [21] [22] [23] We tested whether cIAPs influenced the processing of IL-1 following infection with ST. DCs were infected with ST and treated with the SMAC mimetic, Birinapant (BIR), which causes rapid degradation of cIAPs. Co-treatment of infected DCs with the SMAC mimetic resulted in increased processing of IL-1 (Figures 4e and f), indicating that cIAPs regulate IL-1 processing during infection with ST. Importantly, cIAPs regulated both Caspase-1,11-and RipK3-dependent Combined deficiency of Caspase-1,11 and RipK3 results in accelerated host fatality. The bacterial burden in Caspase-1,11-deficient mice was substantially higher than WT and RipK3-defiicent mice at day 7 post-infection ( Figure 5a ). We have previously reported that the bacterial burden of RipK3-deficient mice is similar to WT mice at day 5 post-infection with ST, and when RipK3-deficient macrophages are transferred to WT hosts, they mediate better protection. 24 Interestingly, the bacterial burden of Caspase-1,11-RipK3-double-deficient was even higher than Caspase-1,11-deficient mice, with a significant number of doubledeficient mice becoming moribund by day 6 post-infection (Figure 5a ). There was a graded impact of Caspase-1,11-and RipK3-signalling on host survival, with Caspase-1,11-signalling playing a dominant role. Furthermore, Caspase-1,11-RipK3-double-deficient mice exhibited an earlier onset of susceptibility in comparison Caspase-1,11-deficient or RipK3-deficient mice (Figure 5b ). These results indicate that RipK3 signalling plays a synergistic role in promoting control of ST. It has been previously reported that the bacterial burden in NLRC4-NLRP3-double-deficient mice is higher than WT mice, but similar to Caspase-1,11-deficient mice. 25 Since our results indicate that bacterial burden in Caspase-1,11-RipK3-double-deficient mice is substantially higher than the Caspase-1,11-deficient mice, this suggests that the impact of RipK3 that we have reported here may be independent of its possible role in NLRP3.
We evaluated the numbers of primed CD8 + T cells at day 7 post-infection of mice and observed a slightly reduced trend in Caspase-1,11-RipK3-double-deficient mice (Figure 5c − ⧸ − and Caspase-1,11 − ⧸ − RipK3 − ⧸ − mice were infected with ST (1 MOI) for 30 min followed by treatment with gentamycin to eliminate extracellular bacteria. Expression of cytokines and chemokines was measured in the supernatants collected at 24 h supernatants post-infection. The data are shown as mean ± SEM and is representative of 2-3 separate experiments. Statistical significance was determined by unpaired student t-test (*Po0.05, **Po0.01, ***Po0.001, ****Po0.0001)
could not be performed at later time points. We observed potent, specific cytotoxity of OVA 257-264 -pulsed targets in all the four groups of mice (Figures 5d and e) . Interestingly, purified CD8 + T cells from the double-deficient mice expressed IFN-γ even without stimulation by the OVA 257-264 -pulsed targets (Figures 5f and g ). Thus, these results indicate that the primed CD8 + T cells in double-deficient mice are functional in their ability to specifically kill target cells; however, they also show signs of dysfunction as revealed by spontaneous expression of IFN-γ.
Direct examination of spleens at day 7 post-infection was indicative of increased bacterial burden and consequent inflammation in Caspase-1,11-RipK3-double-deficient mice in comparison to Caspase-1,11-deficient mice (Figure 6a ). Histological examination of spleens at day 7 post-infection revealed a graded impact on tissue pathology with Caspase-1,11-RipK3-double-deficient mice having excessive tissue destruction in comparison to other mice (Figures 6b and c) . Interestingly, the splenic tissue in infected RipK3-deficient mice showed signs of hyperactivity of white pulp in comparison to WT spleens despite the bacterial burden being similar. Caspase-1,11-deficient mice had an even greater destruction of white-pulp, whereas Caspase-1,11-RipK3-double-deficient mice had extensive depletion of white-pulp and tissue architecture (Figures 6b  and c) . Expression of cytokines in the serum of infected mice collected at day 5 post-infection correlated with bacterial burden, except for IL-18, which was greatly impaired in Caspase-1,11-deficient and Caspase-1,11-RipK3-double-deficient mice (Figure 6d) . A similar trend was noted in an endotoxin shock model where the expression of IL-1β and IFN − γ was lowest in the serum of Caspase-1,11-RipK3-double-deficient mice (Supplementary Figure S4) .
Combined deficiency of Caspase-1,11 and RipK3 results in increased inhibitory receptor expression in primed CD8 + T cells. We evaluated the expression of various cell surface markers on primed CD8
+ T cells at day 6 postinfection to determine the mechanism for the increased loss of primed CD8 + T cells in double-deficient mice (Figure 2g ). Wild-type OT-1 TCR transgenic cells were adoptively transferred into various groups of mice as outlined in Figure 2d , and challenged with ST-OVA. The numbers of 
RipK3
− ⧸ − mice were infected with ST (1 MOI) as described above. A group of cells were treated with the SMAC mimetic, Birinapant to induce degradation of cIAPs (5 μM BIR). Production of IL-1α (e) and IL-1β (f) was measured in the supernatant collected at 24 h post-infection. Fold-increase in IL-1β production following BIR treatment was calculated relative to DMSO control of each group (g). Fold-reduction in IL-1β production by Caspase-8 inhibitor (zIETD) was calculated relative to BIR treatment of each group (h). (*Po0.05, **Po0.01, ****Po0.0001) memory precursor cells (MPEC, CD127 hi KLRG1 low ) at day 6 post-infection were compromised in Caspase-1,11-RipK3-double-deficient mice (Figure 7a ), which correlated with increased expression of the inhibitory receptors PD1 and TIM3 in primed OVA-specific CD8 + T cells (Figure 7a ). In the same groups of mice, we evaluated the expression of activation markers in DCs and observed potent increase in the expression of MHC-II, CD80 and PDL1 in DCs of doubledeficient mice (Figure 7b) . Thus, these results indicate that APCs in double-deficient mice are in a highly activated state, which correlates with increased bacterial burden in these mice, and consequently results in the expression of inhibitory receptors on primed CD8 + T cells.
Inflammatory cell death of APCs is necessary for maintenance of primed CD8 + T cells. We evaluated the mechanism responsible for increased susceptibility of Caspase-1,11-RipK3-double-deficient mice. Administration of IL-1β and IL-18 had opposing effects in the control of bacterial burden in Caspase-1,11-deficient and Caspase-1,11-RipK3-double-deficient mice. While administration of IL-18 reduced the bacterial burden in both groups of mice to similar levels, injection of IL-1β resulted in exacerbation of bacterial burden particularly in Caspase-1,11-deficient mice (Figure 8a) , indicating that the activation of IL-18 is the critical innate immune mediator that is responsible for control of Salmonella infection. We observed that injection with a reduced dose of IL-18 (100 ng per mouse) in Caspase-1,11-deficient and Caspase-1,11-RipK3-double-deficient mice was sufficient to reduce the bacterial burden substantially (Figure 8b ). Since the various groups of mice display substantial differences in bacterial burden at the peak of CD8 + T-cell response (~day 7), this creates complexity in the interpretation of the impact on CD8 + T-cell response. We thus measured the expansion of adoptively transferred WT OT −1 CD8 + T cells in WT and Caspase-1,11-RipK3-double-deficient mice after IL-18 administration, which normalized the bacterial burdens in the two groups of mice. In PBS-treated groups, the numbers of transferred OT-1 CD8 + T cells were similar in WT and surviving Caspase-1,11-RipK3-double-deficient mice (Figure 8c ). This is despite the bacterial burden being 410 000-fold higher in the double-deficient mice (Figure 5a were injected into mice that were infected with ST-OVA 6 days prior. At 24 h post spleen cell transfer, the fate of transferred cells was evaluated in the spleens of infected mice (d,e). Mice were infected as described above, and CD8 + T cells were purified on day 7 post-infection, and the expression of IFN − γ evaluated by ELISPOTassay with/without OVA 257-264 pulsed naive spleen cells (f,g). Data is shown as mean ± SEM and is representative of 2-3 separate experiments double-deficient mice (Figures 8c and d) , which correlated with potent reduction of bacterial burden (Figure 8e ). We also purified OVA-specific CD8 + T cells at day 7 post-infection of WT and Caspase-1,11-RipK3-double-deficient mice using magnetic beads, and transferred the purified cells to naïve mice (Figure 8f ). Primed CD8 + T cells from Caspase-1,11-RipK3-double-deficient mice displayed a major defect in survival upon transfer to naive recipients (Figures 8g and h) .
Taken together, these results indicate that Caspase-1, 11 − and RipK3-signalling mechanisms synergize to induce cell death and processing of IL-1/IL-18. While IL-18 promotes innate control of the bacterium, cell death by these pathways limits the inhibitory receptor expression in primed CD8 + T cells, and allows the generation of memory precursor cells, which would eventually differentiate to memory cells ( Figure 9 ).
Discussion

CD8
+ T-cell differentiation is governed by the three signals: MHC-peptide, cell surface co-stimulatory molecules and cytokines such as IL-12 and IFN-I. 26 While the response cannot be elicited without the MHC-peptide-TCR interaction, the engagement of co-stimulatory or co-inhibitory signals governs the magnitude of the response elicited. [27] [28] [29] The molecular mechanisms that modulate the magnitude of response during T-cell differentiation are not clear. We considered the possibility that early death of antigenpresenting cells by inflammatory cell death pathways may significantly influence the differentiation of CD8 + T cells. Our results indicate that during infection with ST, antigenpresenting cells must be rapidly culled by both the Caspase − 1,11 and RipK3 pathways to prevent the primed CD8 + T cells from expressing inhibitory receptors (PD-1, TIM3) and become dysfunctional.
Inflammatory host cell death is a mechanism that, in contrast to apoptosis, results in cell-rupture and release of DAMPs to the external milieu, which promotes systemic inflammation. 13, 18 Inflammatory cell death is considered as a key mechanism of pathogen-virulence. 30 Since cell death of DCs has been considered as a mechanism of immune 
RipK3
− ⧸ − mice were infected with ST-OVA as described in Figure 5 . Representative images of spleens harvested from surviving mice at day-7 post-infection with ST-OVA are shown (a). Spleens were collected (day-7 post-infection) and treated with 10% formalin and vertical sections were stained for hematoxylin and eosin (H&E) (b) and the extent of pathology was scored (c). Serum was also collected at day-5 post-infection and cytokine expression measured (d). The data are shown as mean ± SEM and is representative of 2-3 separate experiments were transferred into WT and Caspase-1,11-RipK3-double-deficient mice, which were then infected with ST-OVA as described above. At day 7 post-infection, spleens were removed from infected mice, and the OVA-specific CD8 + T cells purified by staining with OVA-tetramers, biotin anti-CD45.1 followed by isolation with streptavidin magnetic beads. Purified cells from WT and Caspase-1,11-RipK3-double-deficient mice were then transferred into naive WT mice and the numbers of these cells evaluated in the blood at various time intervals post-transfer. The data shown are representative of 2-3 separate experiments. Statistical significance was determined by unpaired student t-test (*Po0.05, **Po0.01) evasion, 31 we evaluated whether this impacts antigenpresentation and CD8 + T-cell differentiation. Herein, we have disabled two important mechanisms of cell death, induced by Caspase-1,11 and RipK3, and show that these pathways synergize to promote inflammatory cell death of APCs and processing of IL-1/18. Furthermore, early death of APCs is necessary to promote the differentiation and survival of CD8 + T cells that express reduced levels of PD-1 and display better survival properties. It has been previously reported that PD-1 is highly expressed on dysfunctional CD8 + T cells, and blockade of PD-1 signaling can restore CD8 + T-cell responses. 32 Thus, our results suggest that the lack of inflammatory cell death of APCs results in differentiation of CD8 + T cells towards a dysfunctional phenotype with poor survival properties.
We have previously reported that the rapid death of allogenic APCs by activated CD8 + T cells restricts the full activation of CD8 + T cells in vitro. 33 Since that study was done in vitro with allogenic APCs, we tested this paradigm in an in vivo infection model in the current study. Intracellular pathogens readily infect and eliminate APCs before CD8 + T cells become functionally efficient at killing APCs. 11, 14, 15 The relative duration of DC-T-cell interaction that is sufficient to prime CD8 + T cell is not clear. Although initial studies indicated that a prolonged interaction may be required, 34 other studies have shown that the interactions are dynamic, short-lived and sequential. 35 It is likely that the interactions are short-lived, owing to premature death of APCs by inflammatory cell death pathways. Phagosomal pathogens such as ST and Mycobacteria are known to induce rapid death of APCs, and bystander DCs have been shown to pick up the debris and present antigen to CD8 + T cells through cross-presentation. 36,37 CD8 + T-cell activation can occur via 'cross-presentation' through multiple mechanisms, [38] [39] [40] [41] and this may have evolved as a mechanism to ensure that CD8 + T cells receive sufficient stimulation in the face of premature death of APCs.
Naive CD8 + T cells are not cytolytic, but as they differentiate, they become fully capable of killing antigen-bearing APCs. 33 This is another important mechanism that serves to restrict the persistence of antigen-bearing APCs in order to prevent overstimulation of primed CD8 + T cells. The inflammatory death of APCs that we have described here operates at much earlier time intervals, so this could have an impact from earlier time points, and may be more relevant in the context of chronic infection.
RipK1 is a key protein that drives necrosome signaling, leading to cell death by necroptosis. 13 The impact of RipK1 in NF-κB signaling of myeloid cells is not clear. [42] [43] [44] Recently, RipK1 signaling in dying cells was shown to promote crosspriming of CD8 + T cells in the context of tumor immunity, which was due to the impact of RipK1 on NF-κB signaling. 45 Interestingly, our results indicate that in the context of a pathogen, disabling of RipK3 or Caspase-1/11 separately did not diminish antigen presentation by DCs. Disabling of both of these signaling molecules was required for revelation of the negative impact on the survival of primed CD8 + T cells through Figure 9 Prolonged survival of infected APCs compromises CD8 + T-cell priming. APCs must be rapidly eliminated by inflammatory cell death pathways in order to prevent persistent APC-CD8 + T-cell interactions, which would lead to overstimulation and dysfunction of CD8 + T cells increased expression of inhibitory receptors such as PD-1 and TIM3. Our results indicate that in the context of infection, inactivation of RipK3 or Caspase-1/11 does not have any impact on NF-κB or MAPK signaling in DCs. Caspase-1,11-signaling is a key mechanism of cell death during infection with ST. 46, 47 We have previously shown that RipK3-deficient macrophages also undergo reduced celldeath following infection with ST.
14 Similarly, disabling the kinase function of RipK1 by K45A mutation in macrophages resulted in reduced cell death and IL-1β expression following infection with ST. 42 Our results indicate that Caspase-1,11 is more dominant than RipK3 in inducing the cell death of DCs. Furthermore, Caspase-1,11-RipK3-double-deficient DCs display complete resistance to cell death. These results were further corroborated by analyzing IL-1α secretion, which is an 'alarmin' that is released only by dying cells. 19 While we have used total knockouts of Caspase-1,11-, RipK3-and Caspase-1,11-RipK3, the impact of myeloid cell-specific deficiency of these proteins in host survival during infection is not clear. We have previously reported that RipK3-deficient mice did not show any impact on the ST burden at day 5 post-infection; however, when RipK3-deficient macrophages were transferred to WT hosts, they displayed slightly better control of ST, possibly by surviving longer and phagocytosing ST in vivo. 24 Thus, the impact of total body knockouts of these genes versus myeloid cell-specific deletion warrants further investigation.
While the activation/processing of IL-1 cytokine family promotes protection against pathogens, 48 cell death has also been shown to limit pathogen spread through release of intracellular bacteria for uptake and killing by neutrophils, independently of IL-1β and IL-18. 46 Furthermore, upon cell rupture, any non-processed pro − IL-1β and pro − IL-18 could potentially be processed by extracellular proteases. 49 Our results indicate that the secretion of processed IL-18 is the critical protective innate immune mechanism following Caspase-1/11 − RipK3 signalling, independent of cell death. However, the "fitness" of CD8 + T-cell differentiation program was governed by cell death of APCs, not IL-18 expression.
NLRC4 and NLRP3 inflammasomes have been shown to play a redundant role in promoting the control of ST, 25 as the bacterial burden in NLRC4-NLRP3-double-deficient mice was higher than WT mice, but similar to Caspase-1,11-deficient mice. 25 Our results indicate that the bacterial burden in Caspase-1,11-RipK3-double-deficient mice is substantially higher than that observed in Caspase-1,11-deficient mice. This suggests that the impact of Caspase-1,11-RipK3-double deficiency is substantially greater than that of NLRC4-NLRP3-double deficiency. Therefore, the impact of RipK3 cannot be explained solely based on its potential interaction with NLRP3. It is conceivable that the interaction of RipK3 with MLKL or other unknown interacting proteins impacts the processing of IL-1β. There appears to be a substantial crosstalk between ripoptosome, necrosome and inflammasome signaling platforms that results in inflammatory cell death through Caspase-1/RipK1/RipK3/Caspase-8 signaling. 20, [50] [51] [52] [53] In contrast to this, Caspase-8 was shown to limit NLRP3 inflammasome activation, which was dependent on various members of the necrosome. 54 
Materials and Methods
Mice. C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Caspase-1,11-deficient mice were provided by Richard Flavell (Yale University). RipK3-deficient mice were provided by Vishva Dixit (Genentech, San Francisco, CA, USA). Caspase-1,11-deficient mice were mated with RipK3-deficient mice to generate Caspase-1,11-RipK3-double-deficient mice. CD45.1 Bacteria and infection. Recombinant ST strain (SL1344) that induces antigen (OVA) expression into the cytosol of infected cells (ST-OVA) have been previously described. 56 Bacteria were diluted in 0.9% NaCl and injected in 100 μl via the lateral tail vein (intravenously). Bacterial burdens were evaluated by plating serial dilutions of homogenates on brain heart infusion plates.
DCs. Bone marrow-derived DCs (BMDCs) were grown in-vitro as previously described after culturing cells with GM-CSF (5 ng/ml, Empire Genomics, New York, NY, USA). 57 Splenic DCs were purified using PE-CD11c positive selection (Stemcell, Vancouver).
Infection and cell death assay. DCs were plated onto 96-well plate at a concentration of 10 5 cells per well, and infected with ST (10 MOI). After 30 min, cells were washed and incubated in RPMI+8% FBS (R8)+gentamycin (50 μg/ml). At 2 h, cells were washed again and incubated for 16-24 h with R8+gentamycin (10 μg/ml). Neutral red dye (Sigma, St. Louis, MO, USA) was added to cells for 10-15 min and evaluated for uptake by viable cells as previously described. 14 Cytokine quantification. Serum samples and supernatants were collected and the expression of IL-1α, IL-1β, TNFα, IL-6 and IL-10 were evaluated using cytokine bead array (BD Biosciences, San Jose, CA, USA). Expression of IL-18 was evaluated using the ProcartaPlex multiplex immunoassay kit (eBioscience, San Diego, CA, USA).
In-vitro antigen-presentation assay. CD8 + T cells were labelled with 0.125 μM CFSE in PBS at 37 o C for 8 min at a concentration of 2 × 10 7 splenocytes per ml. The reaction was stopped by adding equal volume of equine serum and placed on ice for 5 min, followed by numerous washes with PBS. Cells were plated at 5 × 10 4 cells per well on a round bottom 96-well plate in R8 medium. Cells were infected with bacteria for 30-min followed by three washes and a 2 h treatment with gentamycin (50 μg/ml). These cells were then incubated with 5 × 10 4 CFSE labeled, purified OT-1 CD8 + T cells using a negative selection kit, and cells were cultured in RPMI+8%FBS including gentamycin (5 μg/ml). 
